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In the traditional fluid mosaic model of biological membrane structures, bilayer lipids form a uniform and homogeneous fluid mixture (Ref. 1) . Hence, membrane lipids have long been considered as a two-dimensional solvent phase for membrane proteins. This prevailing view has been considerably refined during the past decade in the light of physicochemical studies of membrane lipids (Ref. 2) . Consider the case of cholesterol: in the fluid mosaic model, this sterolbased lipid was initially thought to act as a homogenising agent of the membrane matrix, which is composed of several molecular species of phospholipids. Since each of these phospholipids has a distinct gel-fluid transition temperature, cholesterol was assumed to favour the mixing of membrane lipids at the physiological temperature by minimising the differences between fluid and gel states of the glycerophospholipids (GPLs). This model was challenged when it appeared that cholesterol is not evenly distributed within membranes but is instead unevenly distributed into cholesterol-rich and cholesterol-poor domains (Ref. 3) .
Biological membranes are now better described as a 'mosaic of lipid domains' rather than a homogeneous fluid mosaic. A growing body of evidence has shown that specialised lipid domains exist in membranes. Among these domains, those containing sphingolipids and cholesterol, referred to as lipid rafts (Ref. 4) , have received much attention in the past few years ( Refs 2, 3, 4, 5) . In addition to a demonstrated role in signal transduction within the host cell, lipid rafts serve as portals of entry for various pathogens, including viruses, bacteria and their toxins. There is also increasing evidence that lipid rafts are involved in the conformational changes underlying the formation of amyloid plaques in Alzheimer's and prion diseases. The purpose of this review is to discuss the role of lipid rafts in cell biology and medicine on the basis of their specific biochemical composition and physicochemical properties.
Rafts as membrane phases: physicochemical basis
From a biochemical point of view, the organisation of lipids in a membrane can be predicted from the individual molecular structure of membrane lipids ( Fig. 1 ) (Refs 2, 3, 4, 5, 6, 7). GPLs such as phosphatidylcholine (lecithin) are rich in kinked unsaturated acyl chains (where the carbon chain contains one or more double bonds), whereas sphingolipids such as sphingomyelin or glycosphingolipids (GSLs) contain saturated acyl chains (Ref. 2) . In most sphingolipids, there is only one double bond, in the 'trans' configuration. This double bond is located between the fourth and fifth carbon atoms of the 18-carbon sphingoid base. By contrast, the acyl chain bound to carbon sn-2 of glycerol is always unsaturated with one or several double bonds in the 'cis' configuration. These structural features could explain the physicochemical properties of these lipids in biological membranes (Ref. The saturated chains of sphingolipids allow them to pack tightly together through van der Waals interactions, forming a gel-like phase (Lβ) at the physiological temperature from which GPLs are excluded. In addition, sphingolipids may self-associate through hydrogen bonds between the hydroxyl (OH) groups of the sphingosine base and the α-OH group present in the fatty acid on many sphingolipids. In contrast, the kink structure of the polyunsaturated acyl chain in GPLs impedes straightening and tight packing of the chains, and at the physiological temperature GPLs are in a loosely packed disordered state usually referred to as the fluid liquid-crystalline (Lc) phase. Overall, sphingolipids have a much higher melting temperature (Tm) than that of GPLs [Tm is 83°C for GalCer purified from bovine brain (LIPIDAT ID#12501; http://www.lipidat.chemistry.ohiostate.edu/), but <0°C for natural lecithins]. Thus, the close association between sphingolipids can be quantified by a high Tm, representing the greater energy required for the gel-fluid transition.
The differential packing capability of sphingolipids and GPLs leads to phase separation in the membrane (Fig. 2) . Below their Tm, pure GPLs are in a solid, gel-like phase (Lβ). In the presence of cholesterol, GPLs form a homogeneous phase with properties intermediate between gel and Lc phases: the fluid mosaic model of biological membranes is based on this physicochemical feature. At 37°C, sphingolipids form a quasi-solid gel phase (Lβ) characterised by a tight packing of carbon chains in a highly ordered way. Cholesterol interacts preferentially with sphingolipids and favours phase separation of GPLs and sphingolipids. Consequently, sphingolipids adopt an intermediate phase referred to as the liquid-ordered (Lo) phase (Ref. 3). In the Lo phase, the lipid acyl chains are tightly packed as in the gel phase, but have a higher degree of mobility owing to the intercalation of cholesterol molecules between sphingolipids. It has also been proposed that cholesterol might localise along the border between raft sphingolipids and GPLs. This organisation of cholesterol could create an energyfavourable transition area between Lo and Lc phases in the plasma membrane (Ref. 6 ).
To summarise, membrane lipids exist in different biophysical states controlled by several physicochemical parameters such as the temperature, presence of cholesterol and chemical nature of the hydrocarbon chains (Fig. 2) . Because they are excluded from the Lc phase of GPLs, sphingolipids organise into specific, cholesterolenriched entities referred to as plasma membrane microdomains or lipid rafts. These microdomains can be considered as small semi-rigid rafts floating in the more-liquid GPL-rich bulk of the plasma membrane. A schematic model of lipid organisation in the plasma membrane is proposed in Figure 3 . This model, based on the work of Israelachvili et al. (Ref. 7) , takes into account the shape of each membrane lipid and the coexistence of different lipid phases (Lc and Lo) within the membrane. It should be emphasised that this modern interpretation of membrane structure challenges the traditonal view (currently found in textbooks) that lipids and proteins are uniformly distributed in a homogenous bilayer. Plasma membrane lipids comprise phospholipids, glycolipids and sterols. More specifically, these lipids can be categorised as glycerophospholipids (GPLs), sphingolipids and cholesterol. (It should be noted that GPLs have been erroneously referred to as 'phospholipids' -this is incorrect as not all phospholipids contain glycerol.) (a) GPLs are the major component of membrane lipids. GPLs differ from each other with respect to polar head groups (the X group coming from an alcohol X-OH) whose OH group is esterified to the sn-3 carbon of glycerol. The main X-OH molecules are choline, ethanolamine, serine, glycerol and inositol. In GPLs, the fatty acid at sn-1 has a saturated chain with 16 or 18 carbon atoms. At sn-2, the fatty acid is generally longer (at least 18 carbon atoms) and is always unsaturated, with one or more cis double bonds (b) The phospholipids sphingomyelin (SM) and phosphatidylcholine (PC) share the same polar head group (i.e. phosphorylcholine) but differ in their hydrophobic moiety. The backbone structure of sphingolipids contains a sphingosine unit, and a saturated fatty acid with a long chain (up to 24 carbon atoms) is linked to the amino group of sphingosine via an amide linkage. This acyl chain is often 2-hydroxylated (as shown in the GalCer molecule). The acylated sphingosine is referred to as a ceramide. When a sugar or an oligosaccharide is linked by a β-glycosidic bond to the 1-OH group of ceramide, a glycosphingolipid (GSL) results. GSLs containing sialic acids in their carbohydrate moiety are called gangliosides. (c) The polar head group of cholesterol is a single OH group, whereas the hydrophobic moiety contains an iso-octyl carbon chain linked to a sterane-derived unit (fig001jfm).
Lipid rafts: structure, function and role in HIV, Alzheimer's and prion diseases 5 expert reviews in molecular medicine Figure 2 . Cholesterol favours phase separation of membrane lipids: the origin of raft formation? (a) In bilayers of the glycerophospholipid (GPL) phosphatidylcholine below the Tm (melting temperature), the molecules can be packed such that the acyl chains are tilted with respect to the normal bilayer to form a crystalline, solid gel-like phase (Lβ), but at 37°C (above Tm) the bilayer converts to a liquid-crystalline, fluid phase (Lc; also sometimes referred to as Lα). The ability of membrane lipids to form the basic bilayer structure is the result of several properties, the most important of which is their amphipathic character. Amphipathic molecules have a polar, hydrophilic head group region and a non-polar, hydrophobic part. In aqueous solvents, amphipathic molecules naturally orientate themselves to ensure that the polar groups associate with water molecules, whereas the hydrophobic chains interact with each other so that a maximal number of water molecules are excluded from the hydrophobic phase. If the lipid is roughly cylindrical in dimension, biplanar leaflets will be the most thermodynamically stable configuration. (a) Glycerophospholipids (GPLs), which form the Lc phase of the plasma membrane (see Fig. 2 ), are indeed roughly cylindrical; however, cholesterol and sphingolipids [especially glycosphingolipids (GSLs)] have a pyramidal or cone-like shape. In sphingolipids the polar head group occupies a larger area than does the hydrophobic region (Ref. 4) , whereas the converse is true for cholesterol. (b) Sphingolipids are almost exclusively found in the external (outer) leaflet of the plasma membrane, wheregiven the remarkable fit between the global shape of cholesterol and sphingolipids -any void between associated sphingolipids is thought to be filled by cholesterol functioning as a molecular spacer. The enrichment of cholesterol in Lo phase domains (see 
Analysis of lipid rafts in cell membranes: biochemical and morphological approaches
The characteristic partitioning of raft-associated lipids into ordered lipid phases renders them relatively insoluble in certain detergents such as Triton X-100 at 4°C (Refs 8, 9). Accordingly, rafts can be readily purified as detergent-insoluble membranes (DIMs) or detergent-resistant membranes (DRMs) by ultracentrifugation on sucrose density gradients. Under these conditions, the DRMs are recovered as molecular complexes from the buoyant fractions. The migration of DRMs to these low-density layers is consistent with the relatively high lipid content of these fractions. Indeed, morphological analysis of DRMs by transmission electron microscopy revealed the presence of small membrane vesicles (Ref. 8) . Biochemical analysis of DRMs demonstrated a specific enrichment in GSLs, sphingomyelin and cholesterol. However, with the exception of phosphatidylinositol, the fractions are relatively poor in GPLs. In addition, DRM GPLs mainly contained saturated and monounsaturated, rather than polyunsaturated, acyl chains (Ref. 10) , in agreement with the concept that acyl chain saturation favours raft association. Taken together, these data strongly suggested that DRMs correspond to raft microdomains, and the Triton X-100 extraction procedure has become the most popular method of raft isolation from natural and artificial membranes. However, this method requires isolation at 4°C, a temperature that could artefactually increase or even induce raft formation in the plasma membrane, leading to the questioning of the existence of rafts by several investigators (Refs 11, 12) . This controversial issue is still a matter of debate.
Morphological approaches have since been developed to study the in situ localisation of raftassociated lipids and proteins on the surface of intact cells as well as in membrane models (Refs 13, 14) . For instance, the co-localisation of several raft proteins with the ganglioside GM1, a raft marker, has been demonstrated in various cell types by confocal microscopy. Modern microscopy techniques such as atomic force microscopy and fluorescence resonance energy transfer provided the first evidence for the existence of rafts in vivo, and allowed researchers to evaluate the size of membrane rafts as small patches approximately 50-70 nm in diameter (Refs 15, 16, 17) . Chemical crosslinking confirmed that glycosylphosphatidylinositol (GPI)-anchored proteins are associated with membrane microdomains consisting of at least 15 molecules, which are much smaller than those observed after detergent extraction (Ref. 18 ). The improvement of solubilisation procedures will certainly help clarify the structure and dynamics of lipid rafts in the plasma membrane. For instance, the use of Brij 98 (a polyoxyethylene detergent with one double bond in the C 18 aliphatic chain) has been used to prepare detergent-insoluble, raft-like microdomains at 37°C (Ref. 19 ). As pointed out by Edidin (Ref. 12) , 'whichever detergent is used, it yields a snapshot of membrane composition that depends on the partition of lipids and proteins into detergent micelles. This snapshot does not report the organization of native membranes.' Although this opinion might be rather extreme, it is clear that a reliable method allowing raft isolation in the absence of detergent is urgently needed. Indeed, standard Triton X-100 extraction conditions might result in a higher cholesterol content together with an underestimation of arachidonic-acid-containing GPLs (Ref. 20) . Nevertheless, this problem would be minimised with Brij 98, suggesting that the use of appropriate detergents will still be very relevant for raft isolation. (Ref. 19) Another popular approach used to study the structure and function of rafts is to modulate their lipid composition. Molecules able to deplete cholesterol from the plasma membrane (such as β-methyl-cyclodextrin) have been widely used as raft-disrupting agents (Ref. 21) . The integrity of lipid rafts can also be affected by metabolic inhibitors of sphingolipid biosynthesis [Lcycloserine, fumonisin B1, PDMP (D-threo-1-phenyl-2-decanoylamino-3-morpholino-1-propanol)](Refs 22, 23). Nevertheless, one should keep in mind that lowering membrane cholesterol might induce large-scale effects that cannot be exclusively attributed to the dispersion of rafts (Ref. 12) . For this reason, a combination of biochemical and morphological approaches is recommended to study the physiological functions of rafts and their role in various noninfectious and infectious pathologies.
The function of lipid rafts
It is widely held that lipid rafts are involved in signalling events (Ref. 24) 
Role of lipid rafts in signal transduction pathways
In addition to sphingolipids and cholesterol, specific proteins can be associated transiently or constitutively with lipid rafts. The presence of the cholesterol-binding protein caveolin within a Lo microdomain defines an ultrastructural differentiation of the plasma membrane called caveolae (Ref. 29) , which were originally identified as local invaginations (50-100 nm diameter) of the plasma membrane in endothelial and epithelial cells. Caveolae can be described as a particular case of Lo domains of the plasma membrane -that is, caveolin-containing lipid rafts. Lipid rafts and caveolae are particularly enriched in proteins that play pivotal roles in signal transduction. These include: (1) external proteins bound to the outer leaflet of the plasma membrane by a GPI anchor (e.g. the prion protein PrP); (2) transmembrane proteins (e.g. the IgE receptor FcεRI); and (3) acylated protein tyrosine kinases of the Src family (e.g. Lyn) bound to the inner leaflet of the membrane (Refs 30, 31). GPI proteins are anchored in the external leaflet of the plasma membrane by two saturated chains (1-alkyl-2-acyl-glycerol) that can tightly pack with raft lipids. Acylated proteins are anchored in the internal leaflet with two or more saturated acyl chains (generally myristate and palmitate) that interact preferentially with raft lipids. Although sphingolipids are usually not found in the cytoplasmic leaflet of the plasma membrane, specific GPLs such as phosphatidylserine and phosphatidylethanolamine with saturated chains might form Lo domains through interaction with long sphingolipid acyl chains of the outer monolayer (Fig. 3) .
Because they can diffuse laterally in the plasma membrane, rafts act as floating shuttles that transport and bring together activated receptors and transducer molecules (Ref. 32) . The 'coalescence' model of signal transduction can be illustrated by immune cell signalling. For instance, in quiescent mast cells, IgE receptors (FcεRI) and Lyn are localised outside membrane rafts. Upon binding of the antigen (Ag)-IgE complex to FcεRI, Lyn and FcεRI are recruited to specific rafts. The coalescence of these rafts induced by the multivalent antigen allows a physical interaction between FcεRI and Lyn, which triggers the signal transduction pathway: the co-compartmentation of FcεRI receptors with the raft-associated tyrosine kinase Lyn provides an adequate spatial proximity for phosphorylation of FcεRI on tyrosine-based activation motifs (ITAMs), and this triggers the signalling cascade that leads to release of mediators of the allergic response. Cholesterol deprivation experiments led to a clear decrease in the tyrosine phosphorylation step, in agreement with the involvement of rafts in the initiation of this signalling cascade (Ref. 32 ). In CD4 + T cells, the main components of the T-cell receptor (TCR) signal initiation machinery (i.e. the TCR-CD3 complex, Lck ZAP-70 kinases and the CD4 coreceptor) appear to be constitutively partitioned into a subset of membrane rafts (Ref. 19 ). Thus, some signal transduction units can be preassembled in lipid rafts of quiescent cells, allowing rapid and efficient signal initiation upon activation. Overall, rafts can be described as molecular sorting machines capable of coordinating the spatiotemporal organisation of signal transduction pathways within selected areas ('signalosomes') of the plasma membrane.
Rafts as portals of entry for pathogens
A broad range of pathogens, including viruses, parasites, bacteria and their toxins, use lipid rafts to enter host cells as an infection strategy, utilising both cell-surface GPI-anchored proteins and raft lipids (GSL, sphingomyelin and cholesterol) as primary or accessory receptors. For instance, cholera toxin binds to ganglioside GM1, Shiga toxin binds to the neutral glycolipid Gb3, mycobacteria bind to cholesterol, and Escherichia coli strains expressing the adhesin FimH bind to the GPI-anchored protein CD48 (for recent reviews see Refs 26, 33, 34) . This section briefly illustrates the various roles of membrane rafts in the pathogenesis of bacterial toxins.
Of particular interest is the interaction of tetanus and botulinum toxins with neural cells. These neurotoxins bind to several di-and trisialogangliosides (chiefly GD1a, GD1b and GT1b) on the surface of the presynaptic membrane (Ref. 35) . However, the affinity of the toxins for these gangliosides is unexpectedly low, given the + T cells is a highly controlled, fully automated and irreversible process. For this crucial event, the virus has its own 'harpoon', provided by the hydrophobic N-terminal part of gp41, the transmembrane (TM) glycoprotein of the viral envelope, which is known as the fusion peptide. Because of its hydrophobicity, the fusion peptide is initially buried in a pocket of the HIV-1 surface envelope glycoprotein (gp120), so that it is protected from the aqueous environment. Following a structural rearrangement of the viral envelope, the fusion peptide is suddenly ejected outside the viral spike where it has to face a highly polar aqueous environment. To minimise its energy, the fusion peptide penetrates into the plasma membrane of the target cell where it finds stabilising hydrophobic conditions. This thermodynamic interpretation of the fusion reaction has been called the 'viral mouse trap' model (Ref. 45) . In this original formulation of the HIV-1 fusion paradigm, the role of membrane lipids was strikingly underestimated. Today, it is 38) , which works essentially to unmask the fusion peptide, requires a high-affinity receptor (CD4), low-affinity gp120-binding GSLs (the ganglioside GM3 and the neutral GSL globotriaosylceramide Gb3), and a fusion cofactor referred to as a HIV-1 co-receptor (Fig. 4a) . HIV-1 co-receptors identified to date include chemokine receptors (mainly CXCR4, CCR5, CCR3 and CCR2b) and a series of orphan receptors, all of which belong to the family of G-protein-coupled seven-transmembranedomain receptors (Ref. 53 ). The binding of gp120 to GSLs is mediated by a disulphide-linked domain called the V3 loop, which corresponds to the principal neutralisation domain of gp120 and is clearly distinct from the CD4-binding region. In the first step of HIV-1 fusion with CD4 + T cells, a trimolecular complex between gp120, CD4 and GSLs is formed in raft areas of the plasma membrane (Ref. 46) . GSLs mediate several roles in this process: (1) they stabilise the virus on the cell surface (Fig. 4a) ; (2) they facilitate the migration of the CD4-gp120 complex to an appropriate co-receptor, thereby mediating the lateral assemblies required for the HIV-1 fusion machinery (Fig. 4b) ; and (3) they assist the conformational changes of gp120 (Fig. 4c) that eventually lead to the release of the fusion peptide outside the virus spike (Fig. 4d) .
As discussed above for bacterial neurotoxins, the GSL patch functions as a raft that drags the CD4 receptor and takes aboard the viral particle ( Fig. 4a and 4b) . The stabilisation of the virus onto the GSL moving platform results from multiple low-affinity interactions between the V3 domain of gp120 and the carbohydrate moiety of GM3 and/or Gb3. The raft might then float on the cell surface until it finds an adequate co-receptor, the choice of which is driven by a molecular selection process based on V3-co-receptor interactions (Ref. 46) . Subtle changes in the orientation of the V3 loop might be necessary to displace gp120 from the GSL to the co-receptor, as proposed in Fig. 4c . Finally, the GSLs might facilitate the final conformational changes of gp120 that lead to the separation (shedding) of gp120 from the viral spike and to the release of the fusion peptide (Ref. 48) . The dispersion of the raft (Ref. 49) , which occurs just before the beginning of the fusion reaction (Fig. 4c) , might facilitate interaction of the co-receptor and CD4-gp120 complex. The model presented in Figure 4 has striking similarities with the 'double receptor ' model proposed by Montecucco for bacterial neurotoxins. The paradigm might apply to other pathogens such as Ebola virus, which binds to a GPI-anchored protein (the folate receptor) and uses lipid rafts to enter host cells (Refs 54, 55) .
Nature of the interaction between lipid rafts and HIV gp120
In the intestinal mucosa, lipid rafts have been shown to be involved in the transfer of infectious HIV-1 virions through intact intestinal epithelial cells (Ref. 56 ) and in the pathogenesis of HIV-1 enteropathy (Refs 57, 58). In both cases, the interactions of HIV-1 with intestinal lipid rafts are mediated by the GSL GalCer, a high-affinity receptor for gp120 that was initially discovered in neural cells (Ref. 59) −9 M) GSL receptors are recognised by the gp120 V3 loop. The affinity between two ligands depends on the number of structured water molecules that are released to bulk solution as a result of the binding reaction (Ref. 64 ). The terminal galactose residue of GalCer, GM3 and Gb3 is involved in gp120 binding. In the case of GalCer, this sugar is in close interaction with the membrane, so that gp120 binding might result in the release of numerous water molecules ordered around the lipid-aqueous interface. In GM3 and Gb3, the galactose residue is distant from the membrane, so that fewer water molecules might be displaced by gp120. This might explain why synthetic soluble analogues of GalCer bind to the V3 domain of gp120 with high affinity and block HIV-1 infection of CD4 
HIV-1 budding
Several reports suggest that HIV-1 buds from lipid rafts (Ref. 65) , a property shared with other viruses such as measles, influenza and Ebola. The myristylation of capsid proteins ensures their localisation in condensed areas of the cytoplasmic leaflet of the plasma membrane. For instance, the myristylated p17 matrix protein of the HIV-1 capsid interacts with gp41, so that both proteins partition into the detergent-insoluble membrane fraction of HIV-1-infected cells. Clearly, the segregation of viral components in the raft (which acts as an assembly platform) involves specific interactions with these myristylated proteins in a highly ordered process. The molecular associations between HIV-1 proteins and lipids form an electron-dense crescent-shaped complex on the inner leaflet of the plasma membrane during viral assembly (Ref. 44) . The next step is the budding of HIV-1 from the infected cell, so that the host cell membrane becomes the new viral envelope. As a consequence, the HIV-1 envelope acquires host cell cholesterol, sphingolipids (sphingomyelin, GM1) and GPI-anchored proteins (Thy-1 and CD59).
Lipid rafts and prion propagation Evidence for prion conversion in lipid rafts
Spongiform encephalopathies are an intriguing group of neurodegenerative diseases caused by an agent consisting exclusively of a protein usually referred to as a prion (from 'proteinaceous infectious only'). One of the hallmarks of prion diseases is the cerebral accumulation of a protease-resistant, misfolded isoform of the prion protein (PrP), the so- (Fig. 5) . + T cell. CD4 is present in microdomains enriched in glycosphingolipids (GSLs) (e.g. GM3/Gb3) and cholesterol. The HIV-1 surface envelope glycoprotein gp120 binds to CD4, leaving its V3 domain available for secondary interactions with raft GSLs. At this stage, the HIV-1 transmembrane glycoprotein gp41 is still bound to gp120 in an inactive conformation. (b) Lateral assembly of the HIV-1 fusion complex. Once bound to CD4, the viral particle is conveyed to an appropriate co-receptor (e.g. chemokine receptors CXCR4 or CCR5 or other G-protein-coupled seven-transmembrane-domain receptors) by the GSL raft, which moves freely in the outer leaflet of the plasma membrane composed of other lipids such as glycerophospholipids (GPLs). (c) End of the binding phase. Following the primary interaction with CD4 in the raft environment, a conformational change in gp120 renders cryptic regions of the viral glycoprotein (including the V3 domain -shown as a hinged triangle) available for secondary interactions with an appropriate coreceptor. As seven-transmembrane domain receptors are almost flush with the cell membrane, binding of gp120 to the co-receptor moves the viral spike close to the target membrane. In addition, the raft begins to disperse, allowing close contact between the co-receptor and the CD4-gp120 complex. Additional conformational changes in the HIV-1 envelope glycoprotein trimer are necessary to unmask the fusion peptide at the Nterminus of the transmembrane glycoprotein gp41. These conformational changes are stimulated by GSLs, which act as lipid chaperones in the raft environment. (d) Beginning of the fusion reaction. The conformational change in gp120 is shown on the left; the conformational change in gp41, allowing the beginning of the fusion reaction, is shown on the right. Once the hydrophobic fusion peptide is ejected outside the viral spike, it faces a highly polar aqueous environment and consequently penetrates into the plasma membrane of the target cell, where it finds stabilising hydrophobic conditions. This irreversible process induces a close contact between the viral envelope and the plasma membrane, which fuse together, allowing the entry of the nucleocapsid in the cytoplasm of the target cell (fig004jfm).
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The importance of the membrane environment in the conversion reaction has been underscored by several studies. In particular, PrP C can bind to raft-like membranes enriched in cholesterol and sphingomyelin (Ref. 72) . This interaction appears to induce folding of the unstructured N-terminal domain of PrP C , resulting in a protein with a higher content of α-helix compared with the structure of the protein in solution. These data suggest that the interaction of PrP C with lipid rafts might stabilise the 'normal' conformation of PrP C . These protective lipid-PrP C interactions should be destabilised when exogenous PrP Sc is inserted in the vicinity of PrP C in the raft environment (Fig. 5) . Since a chaperone activity appears essential to assist the conformational change of PrP (Ref. 73) , it is likely that the conversion reaction involves a co-factor that might be either a raft-associated protein ('protein X', according to Prusiner; Ref. 66) or selected raft lipids. In this respect, there is a striking similarity between HIV-1 gp120 and PrP, since both proteins undergo major conformational changes in rafts. Indeed, a sphingolipid-binding domain that is structurally related to the V3 loop of gp120 has been characterised in PrP C (Ref. 74) . The V3-like domain of PrP consists of a helix-turn-helix motif formed by 33 of the 36 amino acid residues of a disulphide-linked loop (Cys179-Cys214). This loop includes the α2 and α3 helix of PrP C (Fig. 6 ). In the V3 loop of HIV-1 gp120, the motif is a hairpin structure with only one α-helix corresponding to α3 in PrP. Interestingly, the V3-like motif of PrP contains His, Tyr and/or Phe residues that mediate binding to individual sugar rings of complex carbohydrates (Ref. 75) .
Synthetic peptides derived from the predicted V3-like domain of PrP C were found to interact with GalCer and sphingomyelin. Moreover, the V3-like domain of PrP C includes the E200K mutation site associated with familial CreutzfeldtJakob disease (Fig. 6 ). This mutation abrogated sphingomyelin recognition, probably because of an electrostatic repulsion between the positive charges of the Lys residue and of the phosphorylcholine group of sphingomyelin. Taken together, these data strongly suggest that sphingolipids such as GalCer and/or sphingomyelin stabilise the non-pathological conformation of PrP C in the lipid raft through specific interactions with the V3-like domain of PrP C .
When exogenous PrP
Sc is inserted in the target cell membrane, these low-affinity interactions are destabilised, allowing the formation of the PrP C -PrP Sc -co-factor complex (Refs 72, 73). The consequence of this autocatalytic process is the pathological formation of amyloid fibrils (prion rods), which accumulate in brain tissues.
A molecular model for prion conversion?
The structure of PrP Sc has remained elusive for a long time: circular dichroism studies suggested an α-helix to β-sheet transition (Ref. 66) , but the insolubility of PrP Sc has thwarted attempts to investigate its structure by either X-ray crystallography or nuclear magnetic resonance spectroscopy. Recently, structural studies by electron crystallography suggested that PrP Thus, raft GSLs might constitutively inhibit the formation of β-helical structures in PrP by locking the aromatic residues in the gel phase of the raft environment. Changing the physicochemical properties of the raft by modulating the raft composition could result in the dissocation of PrP C from protective GSLs such as GalCer. At this stage, the presence of a convenient co-factor (PrP Sc , protein X) in the raft would induce the formation of a β-helix in PrP. This would allow the dimerisation of PrP, a key step in the process of PrP C to PrP Sc conversion leading to the formation of amyloid fibrils (Ref. 
Lipid rafts and Alzheimer's disease
Amyloid fibril formation is one of the pathological hallmarks of Alzheimer's disease (Ref. 79) . In this case, the fibrils form cerebrovascular senile plaques composed of the β-amyloid peptide (Aβ), a 39-42 residue fragment that is processed from a larger transmembrane protein known as the amyloid precursor protein (APP). Aβ plays a key role in the development of Alzheimer's disease, since all known inherited forms of the disease are associated with changes in Aβ processing and production. Aβ is produced from APP as a result of two sequential proteolytic cleavages involving: (1) a membrane-bound aspartyl protease (referred to as β-secretase); and (2) two homologous membrane proteases (presenilins 1 and 2, which probably correspond to the formerly described γ-secretase activities) (Ref. 80) .
APP, β-secretase and presenilin 1 all reside in lipid rafts (Refs 80, 81) . Thus, the production and accumulation of Aβ might occur primarily in these microdomains. Two raft lipids (cholesterol and GM1) bind to Aβ and might promote fibril formation (Refs 28, 80, 82) . The molecular mechanism of amyloid fibril formation involves a major conformational change of Aβ, transforming an α-helix to a β-sheet or β-helix (Ref. 83) . Membrane vesicles containing gangliosides such as GM1 bind to Aβ and induce an increased amount of α-helical structure at pH 7 and β-structure at pH 6 (Ref. 84) . Taken together, these data support the view that raft GSLs can affect the conformation of Aβ.
A sphingolipid-binding domain similar to the V3-like domain of PrP has been identified in Aβ (Fig. 6) , suggesting a common way by which HIV-1, prion and Alzheimer proteins interact with lipid rafts (Ref. 74 ). The molecular model proposed above to explain the role of raft lipids in the PrP C to PrP Sc conversion might also apply for Aβ. Amyloid formation proceeds by hydrophobic interactions among conformationally altered Aβ amyloidogenic intermediates. Short synthetic peptides, partially homologous to the Aβ region that undergoes abnormal conformational change, stabilise the normal conformation of Aβ. In a rat model of amyloidosis, these 'β-sheet breaker peptides' decreased the cerebral accumulation of Aβ and completely blocked the deposition of amyloid-like lesions (Ref. 83 ). The active peptides contain two Phe residues that interact in an antiparallel way with the central region of Aβ. It can be reasonably hypothesised that the sugar rings of GSLs could also stack against this region and modulate the conformational changes of Aβ. These important findings might serve as a paradigm for drug design to control amyloid formation process in Alzheimer's disease and other diseases involving changes in protein conformation.
Clinical implications/applications
The finding of a common sphingolipid-binding motif in HIV-1, prion and Alzheimer proteins underscores the role of lipid rafts in the pathogenesis of these diseases. Further studies are warranted to assess whether raft lipids act as chaperones implicated in the conformational change of PrP, as shown for HIV-1 gp120 (Ref. 48) and for the Alzheimer Aβ peptide (Ref. 84) . The demonstration that raft lipids act as receptors for various exogenous proteins, convey these proteins to specific areas of the cell surface, and catalyse specific conformational changes in these proteins opens an exciting new field in molecular medicine (Ref. 85) .
Therapeutic strategies targeting the structure and function of lipid rafts are rapidly emerging. Synthetic soluble analogues of GalCer bind to the V3 loop of gp120 and inhibit HIV-1 fusion ( R e f s 61, 86). Monovalent and polyvalent oligosaccharide derivatives (glycodendrimers) have been designed and are currently under evaluation as anti-adhesive therapies against viruses or bacterial toxins (Refs 87, 88). The development of specific β-sheet breaker peptides that bind to PrP and amyloid peptides and stabilise their normal conformation is a promising approach in the therapy of prion, Alzheimer's and other diseases caused by defective protein folding (Refs 83, 89). Cholesterol-lowering agents (statins) have been shown to reduce the incidence of Alzheimer 's disease in humans (Ref. 80) . In animal models, statin treatment decreased the levels of the β-amyloid peptide, in agreement with the key role of cholesterol in the formation of amyloid plaques. The recognition of the involvement of lipid rafts in various infectious and non-infectious pathologies will certainly offer, in the near future, new possibilites for therapeutic interventions.
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Research in progress and outstanding research questions
Despite intense research efforts, the molecular characterisation of lipid rafts on the surface of live cells is still in its infancy. One important issue is to understand how the external leaflet of the plasma membrane, containing GPI-anchored proteins, sphingolipids and cholesterol, is coupled to the internal leaflet into which acylated signal transducers insert. The exact size of rafts, and their lipid and protein composition, will not be accurately known until the development of new methods allowing the isolation of rafts without detergent. In addition, the rules governing the interplay between protein association with and exclusion from lipid rafts are mostly unknown. Specifically, the molecular determinants controlling the interaction of HIV-1 gp120, PrP and Aβ with raft lipids need to better defined. Characterisation of the common sphingolipid-binding domain (V3-like domain) in these proteins has provided an attractive molecular basis for interaction with lipid rafts, but this domain might not be entirely responsible for their association with lipid rafts. Future studies will also help to clarify the molecular mechanisms involved in the chaperone activity of raft lipids. The conformational change of proteins induced by membrane lipids is a fundamental aspect of biological interactions that has been largely underestimated in the past and warrants thorough investigations.
The detailed description of raft-protein interactions at the molecular level will allow Lipid rafts: structure, function and role in HIV, Alzheimer's and prion diseases 17 expert reviews in molecular medicine the rational design of synthetic analogues of sphingolipids able to stabilise the nonpathological conformations of PrP and Alzheimer proteins. These analogues will have to be sufficiently soluble in water and, at the same time, be able to mimic the characteristic organisation of the corresponding sphingolipids in the raft. This can be achieved by polymerisation of the glycan motif in a multivalent analogue, or by selfassociation of the analogue in supramolecular structures (micelles, vesicles). The design of the aglycone part of GSL analogues will require special attention since: (1) 
Further reading, resources and contacts (continued)
Tools for protein structure analysis can be found at The Protein Databank, SWISS-MODEL and a representative structure comparison website:
http://cl.sdsc.edu/ce.html http://www.expasy.ch/swissmod/SWISS-MODEL.html http://www.rcsb.org/pdb/searchlite.html
